We generate multiple optical carriers with ultra-low phase noise, over a useable bandwidth of 160 GHz, from an externally injected gain-switched comb source with exceptional low linewidth below 10 Hz. We show successful transmission of 17 demultiplexed channels using 64-quadrature amplitude modulation signals at 5 GBaud.
Introduction
A limit on the single wavelength capacity for optical fiber systems is approaching [1] with the capacity per wavelength likely to maximise below 1 Tbit/s per wavelength. The requirement to switch channels with capacities >1 Tbit/s will require all of that data to be carried on two or more wavelength channels. Such multi-wavelength channels are termed superchannels [2] . The concept of a superchannel transmitter is shown in Fig. 1(a) , and here we present a superchannel light source scheme in which free-running optical carriers are referenced to an ultra-low phase noise comb providing the ability to carry signals with 64quadrature amplitude modulation (QAM) format. The architecture lends itself well to photonic integration and enables a single linewidth reducing element to be shared among many optical carriers in a miniature and cost-effective fashion.
Optical frequency combs [3] naturally lend themselves as candidates as multi-wavelength optical sources for superchannels, and have the additional benefit that the wavelength of the carriers do not drift independently thus offering the possibility to minimise the spectral guardband needed between the channels as well as accurately predicting/cancelling nonlinear transmission impairments due to cross-phase modulation [3] . There are some challenges in deploying optical frequency combs: firstly each comb line needs to demultiplexed separately to be modulated with data; secondly, the optical carriers of the comb need to have low phase noise in order to be able to carry modulation formats with high order cardinality of constellation points; and finally each comb line tends to have low power and typically needs to be amplified to allow for modulation and transmission.
In this submission we demonstrate a source suitable for superchannel transmission with high channel power per-line (10 mW) and independently modulated comb-referenced carriers that have exceptionally low linewidth. The superchannel is formed by actively demultiplexing lines from the optical frequency comb using injection-locking. Schematics of the optical frequency comb generation and active demultiplexing are shown in Fig. 1 (b) and Fig. 1 (c) respectively. The key enabler is the use of a single wavelength master laser within the optical frequency comb generator. The master laser is an OEwaves Hi-Q OE4030 laser based on stabilising the laser to a high quality factor microring resonator [4] . The linewidth of this master laser is exceptionally low in the sub-Hz range [5] and this ultra-low linewidth is transferred to all of the comb lines during the comb formation process. The comb is formed by gainswitching a distributed feedback (DFB) laser and more details are given in [6] . For this submission we generate an optical frequency comb with comb line spacing (or free spectral range (FSR)) of 10 GHz though the FSR is easily tunable for combs from gain-switched lasers [6] . We initially verify that the low-linewidth properties of the master laser are transferred to all of the comb lines. We then use this comb and demonstrate that it is a suitable source as an optical superchannel transmitter, by actively demultiplexing each comb line through injection locking of DFB lasers. We show that for seventeen of the demultiplexed comb lines from our comb, that transmission of 64-QAM at 5 Gbaud is possible with the received bit error rate (BER) falling below the 7% forward error correction (FEC) limit except for two channels that fall between the 7% and 20% FEC limits. From a superchannel perspective: the ability to transmit using seventeen individual channels implies that any configuration of wavelengths and channel spacing is possible over a 160 GHz useable superchannel bandwidth using this combreferenced superchannel source. We also note that transmitting 64-QAM is a record highest cardinality of constellation points in a transmission format for optical transmission systems based on optical frequency combs from gain-switched lasers. These results demonstrate the feasibility to create a highly-integrateable optical superchannel source requiring only one ultra-low-linewidth laser source. .
Low-phase noise comb generation and demultiplexing
The ultra-low linewidth optical frequency comb, as shown in Fig. 1(b) is generated via gain-switching the slave laser and injection locking using the ultra-low linewidth master laser. The linewidth properties of the master laser are transferred to each line in the comb. The slave laser was gain-switched at 10 GHz, therefore the comb line spacing (or FSR) is 10 GHz. The comb spectrum is shown in Fig. 2(a) . The FM-noise spectra of the master laser and the filtered lines from the comb source were measured using delayed-self-heterodyne method [7] . The FM-noise results are shown in Fig. 2(b) . The value of the FM-noise of the master laser descends below 10 Hz, and the increase in the FM-noise at higher frequencies is the noise floor of our measurement technique. Likewise the FM-noise of the comb lines approach the same value as the master laser. This is lowest recorded FM-noise for a gainswitched comb. The FM-noise of a fiber laser is also shown for comparison, and the ultra-low linewidth comb outperforms the fiber laser. The comb is actively demultiplexed by injection-locking the DFB laser in the superchannel transmitter to one of the comb lines. More details about the comb demultiplexor can be found in [8] . The DFB laser in the comb demultiplexor injection-locks to the spectrally-closest comb line; therefore a different comb line can be demultiplexed by appropriately tuning the DFB laser. The spectra of the demultiplexed comb lines using a DFB laser are shown in Fig. 3 , note that the exact same comb was used throughout and also that the suppression of the unwanted comb lines exceeds 40 dB.
Transmission Results
Now that the comb-referenced superchannel transmitter has been described, we proceed to show results of the 64-QAM Fig. 1 (a) Concept of a multi-wavelength transmitter that is referenced to a comb source. As shown, the ultra-low linewidth comb is necessary to transmit 64-QAM format. An integrated version of the comb and demultiplexor chip is also shown as inset. (b) Operational schematic of the gain-switched comb source, showing the placement of the ultra-low linewidth laser as the master laser. The actual generated comb is inset. (c) Injection-locking a bank of DFB lasers for use as the multiple carriers within a superchannel transmitter. The actual spectra of the demultiplexed comb lines are inset. Fig. 4 . One line from the ultra-low linewidth optical frequency comb is selected by injectionlocking a DFB laser in the superchannel transmitter. Different lines from the low-linewidth comb can be demultiplexed by tuning the DFB laser so that the free running wavelength of the DFB is within the locking range of the required comb line. The light from the DFB laser is modulated using 64-QAM format at 5 Gbaud. The modulated signal is then transmitted over 25 km of standard single mode fiber before detection at the coherent receiver. The main item in the offline-DSP for carrier phase recovery is the decisiondirected phase locked loop (DD-PLL) [9] . The BER results are shown for demultiplexing of each comb line (channel number) in Fig. 5(a) , the BER for each channel is below the 20% FEC limit and all but two channels below the 7% FEC limit. and therefore each channel could be used as a transmitter in a superchannel source. The total number of comb lines that showed successful transmission is 17, therefore the total spectral span of the superchannel is 160 GHz (10GHz FSR × (17-1)). This result implies that is possible to create any superchannel i.e. any possible baudrate, any number of channels provided that the selected carriers are within this 160 GHz useable spectral range, with no consideration is needed for spectral guardbands because of the comb-referencing.. To unequivocally show the impact of referencing to the lowlinewidth comb, we present the received constellations with and without using the injected comb in Fig. 5(b) . Clearly the DFB lasers are not be able to transmit the 64-QAM encoded data unless injection-locked to a high-quality, ultra-low phase noise comb line.
transmission. A schematic of the experimental setup and the offline-DSP is shown in

Conclusion
We have successfully shown the ability to transfer the ultralow phase noise of a single laser to multiple optical transmitters using optical frequency comb generation and active demultiplexing. The system allowed us to transmit data encoded on 64-QAM format, the highest reported constellation cardinality for a gain-switched laser comb system. The scheme showed successful transmission of all possible channels at 10 GHz granularity over a 160 GHz bandwidth, which would be more than sufficient bandwidth to create 1.6 Tbit/s superchannels. For this submission we chose 10 GHz FSR and this sets the channel granularity, an important property of the gain-switched comb source is that the channel granularity can be easily and continuously tuned by varying the frequency of the gain-switching signal without changing the overall useable bandwidth, thus allowing for broad range of superchannel configurations. Work is underway to integrate (see inset of Fig. 1(a) ) the comb and demultiplexor laser system onto a single chip [10] paving the way for flexible and powerful comb-based superchannel transceivers.
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